Neurocognitive impairment is a trait marker of schizophrenia, but no effective treatment has yet been identified. Sleep spindle deficits have been associated with diminished sleep-dependent memory learning. We examined whether this link could be extended into various cognitive domains by investigating the association of a neurocognitive test battery (the Brief Assessment of Cognition in Schizophrenia) with sleep spindle activity and morphology. We examined 37 outpatients diagnosed with schizophrenia and medicated with both antipsychotics and benzodiazepines.
Summary
Neurocognitive impairment is a trait marker of schizophrenia, but no effective treatment has yet been identified. Sleep spindle deficits have been associated with diminished sleep-dependent memory learning. We examined whether this link could be extended into various cognitive domains by investigating the association of a neurocognitive test battery (the Brief Assessment of Cognition in Schizophrenia) with sleep spindle activity and morphology. We examined 37 outpatients diagnosed with schizophrenia and medicated with both antipsychotics and benzodiazepines.
Participants underwent 1 night polysomnography and test of neurocognitive functioning. We identified and analysed sleep spindles in all non-rapid eye movement sleep and in non-rapid eye movement sleep stage 2 in a central electroencephalography channel using an automatic sleep spindle detector previously validated. Slow sleep spindle density was computed from a frontal electroencephalography channel as well. We found no association between cognitive functioning and sleep spindle density or sleep spindle morphology for spindles in non-rapid eye movement sleep when controlling for gender, age, symptom severity, and daily dose of antipsychotics and benzodiazepines. For spindles in non-rapid eye movement sleep stage 2, we found that motor speed was associated with frontal slow sleep spindle density. We conclude that frontal slow spindle density might predict motor speed in medicated patients with schizophrenia, but that no other sleep spindle activity or sleep spindle morphology measures were predictors of neurocognitive functioning.
K E Y W O R D S
anxiolytics, psychosis, sedatives, sleep microstructure, cognition Based on a number of studies published lately, there is now evidence that abnormalities in sleep spindle parameters are associated with disrupted sleep-dependent consolidation of declarative and procedural memory (Ferrarelli & Tononi, 2017) .
Sleep spindle deficits have been described in both medicated and non-medicated antipsychotic-na€ ıve schizophrenia patients as well as in unaffected first-degree relatives (Manoach et al., 2014) .
Sleep spindles are waxing and waning, 11-to 16-Hz non-rapid eye movement (NREM) sleep oscillations, generated by the thalamic reticular nucleus, and relayed to the cortex by thalamothalamic and thalamo-cortical loops (Huguenard & McCormick, 2007) .
Based on the current knowledge, sleep spindle deficit in schizophrenia is considered an endophenotype candidate (Manoach et al., 2014 (Manoach et al., , 2016 , but more studies are needed to confirm the diagnostic specificity of sleep spindle deficits (Castelnovo et al., 2016) .
Currently, we do not have enough knowledge to predict which sleep spindle morphology characteristics might be associated with which neurocognitive measures.
This study investigates the association of cognitive functioning with sleep spindle characteristics in a sample of chronic patients with schizophrenia medicated with both antipsychotics and benzodiazepines. The primary aim of the study was to evaluate the efficacy of melatonin for benzodiazepine withdrawal, results that have been published elsewhere (Baandrup, Lindschou, Winkel, Gluud, & Glenthoj, 2016) . Results of the polysomnographic (PSG) examinations (sleep continuity and sleep macroarchitecture) have been published , as well as data on circadian rhythmicity (Baandrup, Fasmer, Glenthoj, & Jennum, 2016) and cognitive functioning (Baandrup, Fagerlund, & Glenthoj, 2017) . The importance of the current analyses lies in the profound impact the level of cognitive impairment has on the course of illness and each individual's ability for remission and recovery. The association of sleep spindle characteristics with cognition as assessed by a valid neurocognitive test battery has not previously been examined in a sample as large as the current one.
In this study, we aim to investigate if cognitive measures are associated with NREM sleep and NREM sleep stage 2 (N2) spindle activity (spindle density), and sleep spindle characteristics including duration, oscillation frequency, maximum peak-to-peak amplitude and symmetry.
| MATERIALS AND METHODS

| Subjects and recordings
Data were derived from a single-centre, randomized, double-blinded controlled trial with the primary aim of investigating the efficacy of melatonin to facilitate withdrawal from usual benzodiazepine treatment in patients with schizophrenia or bipolar disorder . The dataset used in the current study included a subset of the whole sample (i.e., those participants with schizophrenia that accepted the PSG examination) at baseline before any intervention. The participants were primarily recruited from outpatient mental health services, and each participant underwent a full-night unattended in-home PSG. The 1 night PSG recordings were evaluated in accordance with the American Academy of Sleep Medicine (AASM) criteria (Iber, Ancoli-Israel, Chesson, & Quan, 2017 ). The quality of each PSG was manually evaluated, and recordings were excluded if the analysed channels were disconnected or contaminated with too many artefacts. A total of 37 recordings of patients with schizophrenia complied with the PSG quality requirements and were included in the current analysis.
| Automatic spindle detection procedure
Sleep spindles were detected in a central electroencephalography (EEG) channel following a procedure inspired by Latreille et al. (2015) . We preferred to detect spindles in the c4-a1 channel but, for four patients, we used the c3-a2 channel as the c4-a1 channel was contaminated with too many artefacts. EEG was filtered forward and reversed with two Butterworth filters -one notch filter for removal of power-line noise (50 Hz) and one band-pass filter (0.3-35 Hz).
Electromyographic (EMG) artefacts were automatically detected (Brunner et al., 1996) , and epochs with EMG artefacts were rejected.
The spindle detection procedure has been described previously (Latreille et al., 2015; Martin et al., 2013; Schabus et al., 2007) , and begins with a band-pass filtration (11.1-14.9 Hz) of the pre-processed EEG, followed by a calculation of the root-mean-square (RMS) value for each 0.25-s window. Instead of a finite impulse response filter, we used a 4th order Butterworth filter with cut-off (À3 dB) at the cut-off frequencies. We used a threshold for the RMS values at the 95th percentile, and a spindle was detected when at least two consecutive 0.25-s windows exceeded the threshold. The spindle density was defined as the number of spindles per minute of sleep, and was computed for all stages of NREM sleep (N1, N2, N3) and for N2 sleep alone between lights off and lights on.
| Spindle morphology measures
Each detected spindle was characterized by its: (1) duration; (2) oscillation frequency; (3) maximum peak-to-peak amplitude; and (4) symmetry (percent-to-peak amplitude); all of which are well evaluated and have been used elsewhere (Christensen et al., 2015; Warby et al., 2014) . Before any of the measures were computed, the central EEG signal was filtered with the same filters (notch and band-pass of 0.3-35 Hz) as in the pre-processing step before the spindle detection.
For each detected spindle, the duration was computed in seconds as
where f s = 256 Hz is the sampling frequency, and # samples defines the number of samples. Due to the detection procedure, the resolution of the spindle duration was 0.25 s. The oscillation frequency was defined in Hz and was estimated as and l max k ), and is therefore less biased by the low resolution of the duration of each spindle. The extrema points were detected in the same way as previously validated (Christensen et al., 2015 ) using Matlab's findpeaks-function applied on a five-point moving average smoothed version of the spindle signal and with a minimum peak-topeak distance of 11 samples. Similar to previously, the maximum points were found applying the function directly, while the minima points were found by applying the function on the flipped signal.
The maximum peak-to-peak amplitude was defined in lV, and for each spindle was estimated as:
where A e is a vector holding the amplitude values for each of the K detected extrema points. The percent-to-peak amplitude gives a simple symmetry measure between 0 and 1, and for each spindle was estimated as:
where the point of A p2p is the point between the maxima and minima delineating A p2p .
The morphology measures were computed for each detected spindle and, before the mean morphology measures were computed for each subject, a few spindle rejection steps were performed. First, every spindle with duration of less than 0.5 s or higher than 3 s, or with an oscillation frequency of less than 11 Hz or higher than 16 Hz, was discarded, following the AASM criteria for spindles (Iber et al., 2017) . Secondly, we computed the mean, l, and standard deviation, r, for each morphology measure, and discarded spindles that had any morphology measure outside the range of l AE 4r. After these rejection steps, we computed an overall spindle morphology measure for each subject as the mean across every spindle detected in all NREM sleep and N2 sleep, respectively.
As recent research suggests the existence of two types of spindles with different function and spatial distribution (Molle, Bergmann, Marshall, & Born, 2011), we supplemented the abovedescribed analyses with densities of fast and slow spindles. We used 13 Hz as cut-off, such that each detected spindle was defined as slow if f osc < 13 Hz, and as fast if f osc ≥ 13 Hz. Additionally, we computed the slow spindle density from a central as well as from a frontal EEG channel, as these are suggested to be spatially distributed both frontally and centrally. The fast spindle density was only computed from a central EEG channel as these are believed to be most pronounced centrally.
| Cognitive measures
To or with a few days interval to the PSG recording.
All the BACS scores were given as z-scores. For more information on how the scores were obtained see Baandrup et al. (2017) . We tested eight different sleep spindle characteristics, and therefore applied a Bonferroni correction of 0.05 divided by eight resulting in a p-value of .006 as significance threshold as marked with "*"
in Tables 3-8 .
| RESULTS
Thirty-seven participants were evaluated with 1 night PSG. Demographic and clinical characteristics are summarized in Table 1 . (Tables 3-9) , we found that BACS composite score and verbal memory were inversely associated with age (Tables 3 and 9 ). The same was found for spindles in N2 sleep. As for the cognitive measures, we found that motor speed was associated with frontal slow sleep spindle density in N2 sleep (p < .001). The same association was found for spindles in all NREM sleep; however, the association did not remain significant after correction for multiple testing (p > .006; Table 7 ). No other cognitive functioning was found to be associated with sleep spindle density or morphology. controls (Christensen, Nikolic, Hvidtfelt, Kornum, & Jennum, 2017) .
| DISCUSSION
Hitherto, linkage between cognitive deficits and sleep spindle abnormalities has mainly been proposed in small experimental designs in control subjects using finger tapping or similar motor tasks (Manoach et al., 2016) . Specifically, several studies in schizophrenia patients have reported that sleep spindle deficits were associated with reduced cognitive performance in finger-tapping motor sequence, procedural learning and working memory tasks (Ferrarelli & Tononi, 2017) . A recent study reported an association between fast sleep spindle density and cognitive abilities, but this was in healthy relatives of schizophrenia patients (Schilling et al., 2017) . Correlations between processing speed, executive functions, IQ, and sleep spindle density and amplitude have been reported in a small sample (N = 26) of patients with psychosis of different origin (Manoach et al., 2014 ). In the current study, we may have had too few spindles to capture morphology changes, which raises the question of how to investigate sleep spindle morphology in a population that is known to show markedly reduced sleep spindle density.
Sleep spindles are generated from the reticular thalamic nucleus, particularly during NREM sleep, and several previous studies have documented dysconnectivity in the thalamo-cortical networks in patients with schizophrenia (Giraldo-Chica & Woodward, 2017) .
Reports of clinical correlates of thalamo-cortical dysconnectivity in schizophrenia have been inconsistent, but a relation to symptom severity has been described (Cheng et al., 2015) . Dysconnectivity in thalamo-cortical networks may add to cognitive disabilities and symptom severity during the wake state, but may also contribute to cognitive impairment because of deficiencies in spindle activity during sleep. However, in this study we did not find any consistent association between cognitive deficits and sleep spindle characteristics, except for an association between motor speed and frontal slow sleep spindle density. To our knowledge, this is the first finding linking slow sleep spindle activity to motor functioning outside the domain of overnight procedural learning tasks. Because sleep spindle deficits can be regarded as a functional measure of the thalamo-cortical dysconnectivity reported in large neuroimaging studies (Cheng et al., 2015) , the data from this study suggest that neurocognitive deficits may not be directly linked to this particular type of dysconnectivity in thalamo-cortical networks. It might be speculated that other, specific cognitive functions not included in the BACS battery are more likely to be associated with sleep spindle density and morphology. The fact that all participants in this study were receiving polypharmacy (at least one antipsychotic in combination with at least one benzodiazepine) could also have blurred a potential association between measured cognitive domains and thalamo-cortical dysfunction as expressed by sleep spindle density and morphology. Especially, benzodiazepines could be expected to interrupt possible findings regarding sleep spindles. It is a consistent finding that c-aminobutyric acid (GABA)ergic drugs increase NREM spindle (12) (13) (14) (15) and beta (15-23 Hz) power, and suppress delta (0.3-3 Hz) power (Johnson, Spinweber, Seidel, & Dement, 1983; Palagini, Campbell, Tan, Guazzelli, & Feinberg, 2000) . Specifically in schizophrenia patients there are data suggesting an increase in sleep spindle density (or an increase in power in the spindle frequency range) as an effect of GABAergic challenge treatment (Wamsley et al., 2013) , but effects of long-term treatment have not been explored. The same data indicate that the reported sleep-spindle-increasing effect of GABAergic drugs in schizophrenia is dependent on choice of concomitant antipsychotic drug, because the GABAergic sleep-spindleincreasing effects were only seen in non-clozapine-treated patients (Wamsley et al., 2013) . Our study sample represents chronically medicated patients, and does not allow conclusions regarding medication effects on sleep spindle activity. However, in comparison with data on sleep spindle densities from healthy controls as mentioned above, the current results seem to indicate that the spindle-increasing effect of benzodiazepines may not be sustained with chronic treatment.
In this study, we chose to incorporate oscillation frequency in the model to investigate whether the frequency of sleep spindles was associated with cognitive functioning. We supplemented this approach with examination of the association between fast sleep spindle density and slow sleep spindle density because recent data indicate that fast spindles might have more importance in relation to cognitive functioning (Schilling et al., 2017) .
We included gender, age and total symptom score as potential confounders of the investigated association between cognition and sleep spindle characteristics. We did not find it relevant to differentiate between positive and negative symptoms, as this aspect was only intended as confounder control.
Limitations of this study include a small sample size (but larger than previous experimental designs), and lack of a control group with (Newell, Mairesse, Verbanck, & Neu, 2012) . On the other hand, it has been stated that sleep spindle density is very consistent between nights in any individual (Fogel & Smith, 2011) . We did not apply a test of overnight learning, and thus cannot be sure that the current study sample (with its chronic use of polypharmacy) was comparable with previous study samples reporting an association of sleep spindle activity and overnight memory retention (Clemens, 2006; Schabus, 2004; Wamsley, 2012) .
We detected and subtyped spindles using fixed-frequency cutoffs, which is an area of inconsistencies as it has been suggested that there are pronounced inter-subject differences in the frequency profiles of fast and slow spindles (Bodizs, Kormendi, Rigo, & Lazar, 2009; Ujma et al., 2015) . Despite inter-subject variation in oscillation frequency and frequency boundary for subtyping spindles, we chose in this study to detect spindles using an automatic detector that is rather simple and has been used and validated previously (Christensen et al., 2017; Latreille et al., 2015; Martin et al., 2013; Schabus et al., 2007) .
The possible biases introduced from the detector are considered to be equal across subjects, thereby not influencing the investigated results.
To conclude, we found no clear pattern of association between cognitive impairment and sleep spindle density or morphology in patients with schizophrenia, but our results indicate that frontal slow spindle density might predict motor speed in this patient group. to their inclusion in the study.
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